A method for injecting a high peak power multimode laser beam into an optical fiber has been developed. The design minimizes the peak irradiance on the fiber's entrance face and reduces its dependence on the laser's mode structure and the system alignment. A simple lens and a specially designed kinoform (or binary optics element) operate together to transform a 5 mm diameter laser beam into two concentric ring foci that fit on the 400 pm diameter fiber face.
ABSTRACT
A method for injecting a high peak power multimode laser beam into an optical fiber has been developed. The design minimizes the peak irradiance on the fiber's entrance face and reduces its dependence on the laser's mode structure and the system alignment. A simple lens and a specially designed kinoform (or binary optics element) operate together to transform a 5 mm diameter laser beam into two concentric ring foci that fit on the 400 pm diameter fiber face.
INTRODUCTION
As lasers become more powerful and less expensive, there is an increasing number of applications which use lasers primarily as an energy source. In many of these applications, the output of a pulsed, high power laser is coupled into a multi-mode fiber. The fiber is used as a light pipe and delivers the optical energy to a desired location. Applications which fall in this category include high-power optical fiber sensors, industrial laser machining, micromachining, marking of parts, ablation of biological tissue (e.g., corneal sculpting and arterial plaque removal), catalysis of chemical reactions and initiation of high explosives.
In many of these applications, the source may be a Q-switched laser with pulsewidths of 10-20 ns and pulse energies of 10-100 mJ, resulting in peak powers ranging from 1-10 MW. The fiber injector must couple these pulses into a multimode fiber which is typically silica on silica with a diameter of 100-400 sam. Maximum fluxes on the face of the fiber may then lie in the 10 GW/cm2 regime. The primary purpose of the fiber injector is to evenly distribute the energy over the fiber face, thus keeping the peak fluence on the fiber face below the damage threshold. In addition, the fiber injector must also smooth out the beam both in front of the fiber in order to avoid air breakdown and also inside the fiber to avoid fiber breakdown. In particular, the fiber injector must not produce a focus at any point.
As a secondary goal, the fiber injector should also make the overall system insensitive to any variations. For example, since energy delivery is the goal of this type of application, it would be advantageous to use all of the modes supported by the laser cavity rather than using only the lower order modes in order to get a predictable beam shape. In addition, environmental effects can misalign the laser cavity, thereby changing both the mode structure and divergence of the laser. Both of these effects can be mitigated by a fiber injector which is insensitive to variations in the mode structure and the divergence of the laser. As another example, mechanical tolerances can result in significant translation and tilt of the laser beam. A fiber injector which is insensitive to these variations can eliminate the need for an active alignment system. 
THE SYSTEM
Our system is similar in operation to a lens/axicon combination" 2 as depicted in figure 1 . By itself, a lens would create a focal spot at the center of the fiber, as shown in figure la. However, in combination with an axicon it creates a ring focus as in figure lb. In our system, we replace the axicon with a binary optics element (or kinoform)3 that diffracts the focusing beam into two concentric rings as shown in figure lc. These rings have 150 um and 300 ,um diameters so the pattern fits on the 400 im diameter fiber for any ring width less than 100 jim. The 7 mm diameter lens and axicon have apertures larger than the beam in order to accommodate beam decentration. We have chosen the shortest focal length possible for the lens, thereby minimizing the movement of the two-ring pattern on the fiber face when there are pointing errors and also matching the incoming beam to the numerical aperture of the fiber. The focal length of 17 mm combined with the 7 mm aperture create a beam with a maximum numerical aperture of .20, which is a bit smaller than that of the fiber, which has a numerical aperture of .22. Shorter focal lengths, when coupled with the possible system variations, could potentially exceed the numerical aperture of the fiber. We would like to match the numerical aperture of the fiber (as opposed to underfilling the fiber) since we feel that filling more of the fiber's modes makes the intensity more uniform.
So what can we expect from this system? The most important point is that the peak intensity is minimized because the beam footprint on the fiber face is large. Furthermore, the footprint area is roughly equal to the sum of the two ring lengths multiplied by the ring width. Thus, it is proportional to the laser divergence, and not to the square of the divergence as would be the case with a conventional lens system. For th laser divergences given, the ratio between the peak intensity and the average intensity over the fiber face is in the range of 1 .6 < Ipeak/Javerage < 3.7. At first glance, one wonders why a long focal length lens could not be used for the fiber injection. This is a workable approach in the lab where the divergence of the laser can be measured and compensated. However, for an operational system, the focal length of the lens would have to be chosen to accommodate the greatest divergence, which is 5 mrad. Furthermore, the 2 mrad pointing tolerance would have to be included, along with a small assembly tolerance. The intensity ratio is therefore in the range 2.25 < Ipeak/ 'average < 9. We feel that the lower peak intensities of the lens/kinoform system justifies the added complexity. 
THE KINOFORM
The kinoform is a diffractive axicon. Referring to the previous figure 1, each diffraction order of the kinoform will produce a ring focus, just like a refractive axicon. Considering all the diffraction orders together, then, the kinoform behaves like many different refractive axicons simultaneously, as shown in figure 2 , with the amount of light which "sees" each refractive axicon being determined by the efficiency of the corresponding diffraction order.
Our kinoform is designed to diffract 90% of the light into the and orders with the same intensity in each ring. The 1 orders produce the inner ring shown in figure 1 , while the +2 orders produce the outer ring. The remaining 10% of the light is distributed into higher orders. The intensities in the and orders, which fail on the fiber cladding, is low so very little light is diffracted into the cladding. Furthermore, the design leaves almost no light in the zero order so there will not be a hot spot on-axis if the laser beam has better beam quality than expected.
The kinoform diffracts light into four orders: the +2 , +1 , -1 and -2 orders. As a result , the intensity profile on the fiber is quite insensitive to beam centering on the kinoform. To understand this, consider the ray in figure 3 which strikes the top of the kinoform. Ninety percent of the energy in this ray is split into the four rays corresponding to the four diffraction orders of interest and the +1 order ray is diffracted across the center and illuminates the bottom of the inner ring, while the -1 order illuminates the top, with the +2 and -2 orders behaving in a similar manner with respect to the outer ring focus. Now consider what occurs if the whole beam is moved a small amount downward. Due to this splitting between plus and minus orders, half of the displaced light still illuminates the tops of each ring and half the bottoms. So to first order, the system is insensitive to beam decentration.
84 ISPIE Vol. 2114 The actual design of the kinoform was achieved using a previously described algorithm4. The resulting silica kinoform is circularly symmetric with a radial period of 288 m and the surface profile for one period of the kinoform is shown in figure 4 . The step-wise nature of the surface profile is a result of the binary optics fabrication process. The kinoform is a 16-level device, of which only 14 levels are required.
EXPERIMENTAL RESULTS
The silica kinoform was fabricated by the binary optics program at MIT/Lincoln Laboratory5. The surface profile and diffraction efficiency were then measured at MIT/Lincoln Laboratory, using a stylus profilometer and a technique similar to a previously described method6, respectively. It was then sent to Sandia National Laboratory for testing with the appropriate lens and laser. The ratio between the peak intensity on the fiber face and the average over the fiber face was found to be 3.7 to 1 when a very well aligned laser was used ('-' 2.5 mrad divergence)7. Next, the lens/kinoform system was used to inject pulses of increasing energy into a fiber until the fiber was damaged. This was repeated for ten fibers and approximately half the fibers were able to deliver pulses of 40 mJ or greater before being damaged, as shown in figure 5 .
Regarding damage to the axicon itself, since the device is a surface relief in silica and contains no other materials, we expect it should have damage characteristics similar to that of bulk silica. Our experiments to date confirm this belief.
SUMMARY
A system has been designed, built and tested that injects a high power, short pulse, multimode YAG laser beam into an optical fiber without damage. The system can tolerate a significant amount of laser cavity misalignment without damage to the fiber or its cladding. 
